Abstract-A compact multiband handset antenna including MIMO antenna operation for LTE 13 band (746 ∼ 787 MHz) applications is proposed. The proposed antennas are separately located on the top and bottom portions of a mobile handset in order to use the antenna area more effectively. The proposed antenna achieves isolations of higher than 14 dB, enveloped correlation coefficients (ECC) of less than 0.25, and total efficiencies of greater than 40%. The operating frequency bands of Antenna 1 and Antenna 2 include the LTE 13 (746 ∼ 787 MHz)/DCS/PCS/UMTS (1710 ∼ 2170 MHz) bands and the LTE 13 (746 ∼ 787 MHz)/GSM850/900 (824 ∼ 960 MHz) bands, respectively.
INTRODUCTION
Long Term Evolution (LTE) is one of the key technologies in recent mobile wireless communication services. LTE provides improved system capacity and coverage, reliable high peak data rate, and enhanced spectrum efficiency by using a high performance antenna with a multiple-input-multiple-output (MIMO) configuration. By using multiple antennas, MIMO technology provides a good quality of service (QOS) in the multipath environment without additional power [1] [2] [3] . It is well-known that achieving high isolation and low Enveloped Correlation Coefficient (ECC) between closely spaced antennas is important in portable MIMO-embedded devices where antennas must be designed within a small volume [4] . However, modern handset antennas should still be miniaturized with good performance, and isolation improvement is also important to realize the MIMO antennas for the LTE 700 bands in the limited space of recent mobile handsets [5] [6] [7] . Since most MIMO antenna elements of recent mobile handsets are collocated on the same printed circuit board (PCB), the surface current distribution on the PCB induces mutual coupling between antenna elements and common ground plane. Moreover, when mobile handset antennas operate at a lower frequency such as 746 ∼ 787 MHz, the MIMO antenna element itself and the ground plane can be similarly operated as two arms of a half wavelength dipole, so that the radiation pattern and isolation between them can be dependent upon the current distribution of the ground plane [8] . Various techniques have been studied for the enhancement of isolation between two closely mounted MIMO antennas [9] [10] [11] [12] [13] [14] [15] . An additional coupling element [9, 10] or decoupling network [11, 12] between the two antenna elements is used to improve isolation between the two antennas. Although isolation can be enhanced by artificially generated additional coupling or decoupling current paths, these can be limited on a lower frequency band volume and bandwidth. By properly designing the defected ground structure (DGS) with slots and gaps, a good suppression of mutual coupling between antennas can be achieved [13, 14] . The suspended neutralization line [15] , which is physically connected to antenna elements, is also used to improve isolation between MIMO antenna elements. However, applying these techniques for LTE 700 (746 ∼ 787 MHz) band MIMO antennas becomes a considerable technical challenge in the industry because of the limited space available to embed such slots and gaps on the ground plane and additional elements between closely packed antennas. While, in most previous studies, all MIMO antenna elements closely stand side-to-side only on the top or bottom portion of a mobile handset, few studies on MIMO antenna configurations have been carried out where the antenna elements are separately located on the top and bottom portions of a mobile handset. Although MIMO antenna elements can also be separated on the top and side portions of a mobile handset, the available side areas of a mobile handset become narrower due to the current trend of a wider screen and larger battery for mobile handsets. Therefore, the MIMO antenna, where antenna elements are separated on the top and bottom portions of a mobile handset, might be an alternative configuration to use the space for the antenna more effectively. In addition to the coverage of frequency bands such as GSM850/GSM900/DCS/PCS/UMTS, operation at the new frequency band (LTE 13 band, 746 ∼ 787 MHz) requires a significantly wide impedance bandwidth at a lower frequency band [16] [17] [18] [19] [20] [21] [22] . In general, to widen the impedance bandwidth, an additional antenna volume is also needed [23, 24] . The most important issue is how to design compact multiband antennas in the lower frequency band, and how to obtain good isolation between them with an optimal configuration of MIMO antenna elements.
In this paper, we propose a new configuration of the LTE 13 band MIMO antenna where antenna elements are separately located on the top and bottom portions of a mobile handset. Isolation between them is improved when achieving a diagonally orthogonal radiation pattern by controlling the current path on the ground plane. Finally, we propose two compact antennas for MIMO and multiband operations. The operating frequency bands of Antenna 1 located on the top portion and Antenna 2 located on the bottom portion include the LTE 13 (746 ∼ 787 MHz)/DCS/ PCS/UMTS (1710 ∼ 2170 MHz) bands and the LTE 13 (746 ∼ 787 MHz)/GSM850/900 (824 ∼ 960 MHz) bands, respectively.
LTE 13 BAND MIMO ANTENNA DESIGN AND ANALYSIS
In this section, isolation enhancement in the LTE 13 band (746 ∼ 787 MHz) is studied by reducing the mutual coupling between the MIMO antenna elements and between the MIMO antenna elements and the common ground plane. MIMO antenna elements (MIMO Antenna 1 and MIMO Antenna 2) have the same structure and are separately located on the right sides of the top and bottom portions of a mobile handset, respectively. Figure 1 shows the geometry of the proposed LTE MIMO antenna. The overall dimension of each MIMO antenna element mounted on a FR-4 (ε r = 4.4, loss tangent = 0.02) substrate is 31 × 15 × 6 mm 3 , and the size of the ground plane is 60 × 90 × 1 mm 3 , which corresponds to the 4.3 inch display size of a smart phone. Each MIMO antenna element consists of two radiating elements. One element is the meander line PIFA structure, and the other is the inverted-L shaped structure extended from the ground plane. The separation between the MIMO antenna elements (MIMO Antenna 1 and MIMO Antenna 2) is 0.225λ 0 (90 mm) at 750 MHz. Even though the separation between them is as far as possible within the available space of a mobile handset, the electric distance of this separation is not enough to obtain good isolation using a spatial diversity technique in the lower frequency band. In general, when two linearly polarized antennas are located orthogonal to each other, they can provide polarization diversity by reducing the mutual coupling, so that high isolation and low ECC can be achieved between them [25, 26] . However, this technique with vertical and horizontal polarizations does not work very well for handset antennas in the lower frequency such as the LTE 13 (746 ∼ 787 MHz) band because their ground size are usually much smaller than their wavelength (λ 0 = 429 mm). Therefore, it is necessary to apply alternative techniques for the LTE MIMO handset antenna design.
In this paper, we propose a diagonally orthogonal polarization diversity technique by properly arranging locations of MIMO antenna elements and controlling the ground current path. Figure 2 shows the surface current distribution at 775 MHz when one of MIMO antennas is excited and the other is terminated to a load with 50 Ω. It was noticed that while most surface currents are concentrated on the antenna radiating elements themselves (Radiator 1: meander line PIFA structure and Radiator 2: inverted-L shaped structure) and only the small area neighboring them, the currents on MIMO Antenna 2 and most part of the ground plane are barely induced. This is because the inverted-L shaped structure can guide and minimize the area of the surface current distribution on the ground plane, so that mutual coupling between MIMO antenna elements mounted on a common ground plane can be reduced. By also achieving a diagonally orthogonal ground current path as shown in Figure 2 (a) with respect to that from MIMO Antenna 2, the mutual coupling between MIMO antenna elements can be minimized since the ground plane of a mobile handset can similarly act as one of the arms of a half wavelength dipole in lower frequency band. line PIFA structure) and Radiator 2 (inverted-L shaped structure), the 0.5λ g current path can be concentrated on the right corner of a mobile handset. Figure 3 shows the simulated results by the MWS CST and measured results of the proposed LTE MIMO antenna. Figure 3(a) shows the simulated and measured S-parameters. The proposed antenna (VSWR < 3) covers the entire LTE 13 (746 ∼ 787 MHz) band. The measured isolation is higher than 17 dB, and this is generally acceptable for practical mobile handset MIMO antenna applications in the industry. Figure 3(b) shows the simulated and measured radiation patterns at 775 MHz. They have been measured using one antenna that is excited and the other is terminated to a load with 50 Ω. It is noticed that the polarizations of the two antennas are diagonally orthogonal to each other, so that they can provide polarization diversity by reducing the mutual coupling between them. Figure 3(c) shows that the ECC of the proposed LTE MIMO antenna is much less than the recommend value of 0.5. The ECC is obtained by using the far-field radiation patterns as shown in Equation (1) where the incident wave is assumed as the uniform environment (P (θ, φ) = 1) [27] [28] [29] [30] .
where E 1,2 (θ, φ) is the electric field pattern of antennas 1 and 2, respectively, and P (θ, φ) is the incident field angular density function. Figure 4 shows the simulated reflection coefficients and isolations of the proposed MIMO antenna for different lengths (L 3 ) of Radiator 2 (inverted-L shaped structure). The isolation can be easily controlled and improved by adjusting the length (L 3 ) of Radiator 2. Greater isolation is obtained with the optimum length of 0.0625λ 0 (27 mm) at 750 MHz. However, the length of the additional coupling element in previous studies [9, 10] , which does not affect the resonant frequency, is approximately 0.25λ g in order to reduce mutual coupling between the MIMO antennas. In this section, we propose a compact LTE 13 band MIMO antenna with a new configuration where the antenna elements are separately located on the top and bottom portions of a mobile handset to enhance the isolation between them while achieving a diagonally orthogonal radiation pattern by controlling the current path on the ground plane. 
COMPACT TWO ANTENNAS FOR MIMO AND MULTIBAND OPERATIONS
In this section, based on a new configuration of the LTE 13 band MIMO antenna proposed in the previous Section 2, we finally propose two compact antennas for MIMO and multiband operations. The operating frequency bands of Antenna 1 located on the top portion and Antenna 2 located on the bottom portion include the LTE 13 (746 ∼ 787 MHz)/DCS/PCS/UMTS (1710 ∼ 2170 MHz) bands and the LTE 13 (746 ∼ 787 MHz)/GSM850/900 (824 ∼ 960 MHz) bands, respectively. Figure 5 shows the geometry and photo of the proposed antenna. The overall dimensions of the proposed Antenna 1 and Antenna 2 mounted on a FR-4 (ε r = 4.4, loss tangent = 0.02) substrate are 48 × 15 × 6 mm 3 and 60 × 15 × 6 mm 3 , respectively. The size of the ground plane is 60 × 90 × 1 mm 3 , which corresponds to the 4.3 inch display size of a smart phone. Antenna 1 consists of Radiator 1a, Radiator 1b, and Radiator 1c, and Antenna 2 consists of Radiator 2a and Radiator 2b. Figure 6 shows the surface current distribution of Antenna 1. Antenna 1 is mounted on the top of a mobile handset with three radiators (Radiator 1a, Radiator 1b, and Radiator 1c) by controlling the current path on the ground plane. Based on Section 2, Radiator 1a (meander line PIFA structure) in conjunction with Radiator 1b (Inverted-L shaped structure) covers the LTE 13 (746 ∼ 787 MHz) band as shown in Figure 6 The measured isolation is greater than 14 dB, and this is generally acceptable for practical MIMO antenna applications in the industry. The proposed antenna has a total efficiency of greater than 40 % for all operating frequency bands as shown in Figure 8(b) . Figure 8(c) shows the simulated and measured radiation patterns at 775 MHz. It is noticed that the polarizations of the two antennas are orthogonal to each other. Therefore, these orthogonal radiation patterns and high isolation (> 14 dB) give the lower ECC (< 0.25) for the entire LTE 13 band, which is much less than the recommend value of 0.5, as shown in Figure 8 
CONCLUSION
In this paper, we propose a new configuration of compact broadband antennas for LTE MIMO and multiband operations where antenna elements are separately located on the top and bottom portions of a mobile handset to enhance the isolation between them by achieving diagonally orthogonal radiation pattern while controlling the current path on the ground plane. High isolation (> 14 dB) and low ECC (< 0.25) between the MIMO antennas for the LTE 13 band are achieved. Antenna 1 and Antenna 2 can cover the LTE 13 (746 ∼ 787 MHz)/DCS/PCS/UMTS (1710 ∼ 2170 MHz) bands and the LTE 13 (746 ∼ 787 MHz)/GSM850/900 (824 ∼ 960 MHz) bands, respectively.
